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Consumer interest in health-promoting food products is a major driving force for the
increasing global demand of functional (probiotic) dairy foods. Yogurt is considered the
ideal medium for delivery of beneficial functional ingredients. Gamma-amino-butyric acid
has potential as a bioactive ingredient in functional foods due to its health-promoting
properties as an anti-stress, anti-hypertensive, and anti-diabetic agent. Here, we report
the use of a novel Streptococcus thermophilus strain, isolated from the digestive tract
of fish, for production of yogurt naturally enriched with 2 mg/ml of gamma-amino-
butyric acid (200 mg in a standard yogurt volume of 100 ml), a dose in the same
range as that provided by some commercially available gamma-amino-butyric acid
supplements. The biotechnological suitability of this strain for industrial production
of yogurt was demonstrated by comparison with the reference yogurt inoculated
with the commercial CH1 starter (Chr. Hansen) widely used in the dairy industry.
Both yogurts showed comparable pH curves [1pH/1t = 0.31−0.33 h−1], viscosity
[0.49 Pa-s], water holding capacity [72–73%], and chemical composition [moisture (87–
88%), protein (5.05–5.65%), fat (0.12–0.15%), sugar (4.8–5.8%), and ash (0.74–1.2%)].
Gamma-amino-butyric acid was not detected in the control yogurt. In conclusion, the
S. thermophilus APC151 strain reported here provides a natural means for fortification
of yogurt with gamma-amino-butyric acid.
Keywords: GABA, Streptococcus thermophilus, bioactive yogurt, starter, biofunctional food
INTRODUCTION
Streptococcus thermophilus is a non-pathogenic and homofermentative facultative anaerobic lactic
acid (LAB) bacterium with a long history of use in the home-made and modern industrial
manufacture of fermented dairy products, especially yogurt (Wu et al., 2014). As a dairy starter,
S. thermophilus can rapidly convert lactose into lactic acid, which causes a rapid reduction in
pH resulting in coagulation of milk proteins (casein). In addition, this bacterium confers many
excellent processing properties to the yogurt, such as flavor, acidity, viscosity, and water holding
capacity (Sun et al., 2011).
Since yogurt contains live cultures, it has been considered an ideal vehicle to deliver probiotic
and biofunctional ingredients to the gut. Beneficial effects can be provided by classic strains
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associated with the technological production of the yogurt
(S. thermophilus and Lactobacillus delbrueckii subsp. bulgaricus),
or by additional strains supplemented in order to provide a
probiotic function (generally Lactobacillus or Bifidobacterium).
In this regard, yogurt bacteria have been shown to have a
favorable impact on digestive health improving lactose digestion
in lactose-intolerant individuals (Rul et al., 2011; Savaiano, 2014),
increasing intestinal regularity and digestion (Fioramonti et al.,
2003), preventing diarrhea (Beniwal et al., 2003; Linares et al.,
2016) and inflammatory bowel disease (Lorea Baroja et al., 2007;
Shadnoush et al., 2013), and stimulating the gut immune system
(Hong et al., 2015; Maldonado-Galdeano et al., 2015).
Discovered in 1950, gamma-aminobutyric acid (GABA) is
the main inhibitory neurotransmitter naturally occurring in the
central nervous system (CNS) and some peripheral tissues (Bravo
et al., 2011). Several important physiological functions of GABA
have been characterized, such as neurotransmission, diuretic
effects, relaxing, and tranquilizer effects (Hayakawa et al., 2004;
Li and Cao, 2010). In fact, some GABAA (a type of GABA
receptors) agonist drugs are important pharmacological agents
used for clinical treatment of anxiety (e.g., benzodiazepines)
(Foster and Kemp, 2006). In addition to this stress management
role, GABA was reported to lower blood pressure in humans with
mild hypertension (Shimada et al., 2009; Pouliot-Mathieu et al.,
2013) and to have a significant anti-diabetic effect (Adeghate
and Ponery, 2002; Wan et al., 2015). Beside this, patients with
Alzheimer’s disease have a decreased level of GABA in their
temporal cortex, occipital cortex and cerebellum (Seidl et al.,
2001). Thus, GABA has been classified as a health-promoting
bioactive component in foods and pharmaceuticals (Li and Cao,
2010). In fact, foods enriched with GABA are defined as FOSHU
(Foods for Specified Health Use) by the Japanese government
(Rizzello et al., 2008). A number of commercial sources sell
formulations of GABA for use as a dietary supplement claiming
to have a calming and tranquilizing effect. One of them, Pharma-
GABATM, a natural form of GABA has been approved by the
FDA as a food ingredient (Food and Drug Administration [FDA],
2008).
Several lactic acid bacteria (LAB) have been reported to
exhibit GABA-producing ability through α-decarboxylation of
glutamate, an enzymatic conversion which is catalyzed by
glutamate decarboxylase (GAD) (Tajabadi et al., 2015). Among
them, most of the GABA-producing strains are lactobacilli
(mainly Lb. brevis, Lb. paracasei, Lb. delbrueckii, Lb. buchneri,
Lb. plantarum, and Lb. helveticus) and Lactococcus lactis (Li and
Cao, 2010; Dhakal et al., 2012; Wu et al., 2015). Alternatively,
Bifidobacterium spp strains were reported to produce GABA,
although they have a low capacity for production (Park et al.,
2005; Barrett et al., 2012). So far, only a few S. thermophilus
strains were reported to produce significant levels of GABA
from glutamate (Yang et al., 2008). However, the suitability of
these strains to produce GABA in fermented milk and yogurt
has not yet been explored. The ability of LAB to biosynthesize
GABA is not present in all strains belonging to one species,
as it is a strain-dependent attribute genetically associated to
the genes gadB and gadC (Tajabadi et al., 2015). In addition,
even among those GAD+ strains belonging to the same species,
the efficiency and yield of GABA production varies markedly
(Dhakal et al., 2012). The capacity to produce GABA in high
yields is rare among conventional S. thermophilus (generally from
dairy origin), thus we screened less explored sources such as the
gastrointestinal tract (GIT) of fish (Labrus mixtus) caught off the
coast of Ireland.
Since S. thermophilus is a commercially relevant starter widely
exploited for the industrial production of yogurt, and GABA has
a potential as bioactive component in foods and pharmaceuticals
(Li and Cao, 2010; Wu and Shah, 2016), in this work, we tested
the biotechnological suitability of the newly isolated strain to
coagulate milk and produce naturally GABA-enriched yogurt.
The quality and physical properties of the obtained GABA-rich
yogurt were compared with those of reference yogurts produced
in parallel under similar conditions using commercial starters
widely used in the dairy industry.
MATERIALS AND METHODS
Bacterial Culture Medium and Conditions
Streptococcus thermophilus strains were grown at 42◦C in
M17 medium (Oxoid, Basingstoke, UK) supplemented with
0.5% lactose (LM17). L. delbrueckii subsp. bulgaricus strains
were anaerobically grown in MRS (Difco, Detroit, MI, USA).
Unless indicated otherwise, the medium was supplemented with
2.25 mg/ml of monosodium glutamate (MSG; Sigma–Aldrich).
When solid medium was required, 2% (w/v) agar (Oxoid,
Hampshire, UK) was added to the corresponding medium.
Isolation of GABA-Producer
S. thermophilus Strain
Streptococcus thermophilus is the universal starter for yogurt
fermentation. In order to isolate GABA-producer strains
technologically suitable to produce yogurt, we carried out a
screening in LM17. Because the capacity to produce GABA
in high yields is rare among S. thermophilus, we screened
less explored sources such as fish intestines. A S. thermophilus
APC151 was isolated from the digestive tract of fish (L. mixtus)
caught off the coast of Ireland. Briefly, the intestine was
aseptically extracted, and content transferred into a sterile
stomacher bag, diluted with sterile maximum recovery diluent
(MRD; Oxoid Ltd., Basingstoke, UK) and homogenized for 3 min
in a Stomacher 400 laboratory blender (Seward Ltd., London,
UK). Further, serial dilutions were carried out in MRD, plated on
LM17 agar plates and incubated anaerobically at 42◦C.
Detection and Quantification of GABA
Production
Extracellular GABA that accumulated in the culture medium or
yogurt was quantified by post-column ninhydrin derivatization
on cation-exchange HPLC as follows. Samples of culture
supernatants or yogurt were deproteinized by mixing
equal volumes of 24% (w/v) trichloroacetic acid (TCA)
and sample, these were allowed to stand for 10 min before
centrifuging at 14400 × g (Microcentaur, MSE, UK) for 10 min.
Frontiers in Microbiology | www.frontiersin.org 2 November 2016 | Volume 7 | Article 1876
fmicb-07-01876 November 22, 2016 Time: 16:21 # 3
Linares et al. Bioactive Yogurt Enriched in GABA by Streptococcus thermophilus
Supernatants were transferred to a new tube and diluted with
0.2 M sodium citrate buffer, pH 2.2, to give approximately
250 nmol of each amino acid residue. Samples were then
diluted one in two with the internal standard, norleucine,
yielding a final concentration of 125 nm/ml. GABA was
quantified using a Jeol JLC-500/V amino acid analyser [Jeol
(UK) Ltd., Garden city, Herts, UK] fitted with a Jeol Na+
high performance cation exchange column (Mounier et al.,
2007).
Yogurt Manufacture
The fermentation substrate consisted of 14% (w/v) skim milk
(Kerry ingredients Ltd, Kerry, Ireland). For the elaboration of
both yogurts, milk was previously supplemented with 2.25 mg/ml
MSG. Prior to inoculation, milk was heat treated at 121◦C
for 5 min and then cooled to 42◦C. The thermophilic starter
CH1 (obtained from Chr. Hansen, Denmark) was used as
reference for the production of plain set-style yogurt. The two
strains composing this starter (S. thermophilus CH1 and Lb.
delbrueckii subsp. bulgaricus CH1) were isolated and inoculated
in milk in a 1:1 ratio (106 cells of each). The GABA-enriched
yogurt was manufactured in parallel under identical conditions
as the control yogurt except that strain S. thermophilus CH1
was replaced by the GABA-producing strain S. thermophilus
APC151. Thus, both yogurts differed only in the S. thermophilus
strain. Following inoculation, yogurts were fermented in 100 ml
cups at 42◦C for 48 h, and then the samples were rapidly
cooled to 4◦C and stored at this temperature for up to
3 weeks. GABA content, viable bacteria counts, pH, viscosity,
water holding capacity and chemical compositions of yogurts
were monitored at 1, 2, 3, 4, 5, 6, 7, 14 and 21 days
intervals.
Enumeration of Viable Cells in Yogurt
The enumeration of S. thermophilus and Lb. delbrueckii subsp.
bulgaricus viable cells in yogurt were obtained by spread plating
200 µl of 10-fold serial dilutions on agar plates. For selective
enumeration of S. thermophilus, serial dilutions were plated
onto LM17 and incubated at 42◦C. Selective enumeration of Lb.
delbrueckii subsp. bulgaricus was performed on MRS agar plates
incubated at 42◦C under anaerobic conditions. Lb. bulgaricus
and S. thermophilus were identified by their rough-shaped and
smooth-shaped colonies, respectively. After incubation for 48 h,
visible colonies were counted and expressed as colony forming
units per milliliter (cfu/ml).
Rheological Studies in the Yogurt
The viscosity of yogurt was evaluated at the end of the
fermentation period using an AR2000ex Rheometer (TA
Instruments, Crawley, UK) fitted with a 60 mm diameter
aluminum parallel plate measurement system. The measuring
geometry had a gap size of 800 µm. All measurements were made
at 20◦C. Samples were initially stirred to achieve a homogenous
mixture. Samples were pre-sheared at 200 s−1 for 1 min, sheared
from 0.01 to 200 s−1 over 2 min, held at 200 s−1 for 1 min and
sheared from 200 to 0.01 s−1 over 2 min. The test was performed
in triplicate.
Water-Holding Capacity
The water-holding capacity (WHC) of the yogurt product was
measured according to the method of Sodini et al. (2005).
Before each analysis, yogurt samples were gently stirred to ensure
homogeneity. A sample of 20 g of yogurt (Y) was centrifuged
for 10 min at 1250 × g at 4◦C. The whey expelled (W) was
removed and weighed. The WHC (% w/w) was calculated as:
WHC = 100(Y−W)/Y. The measurement was carried out in
triplicate.
Chemical Analysis of Yogurt
The nitrogen content of yogurt was determined by the Kjeldahl
method (ISO, 2001). A nitrogen conversion factor of 6.38
was used for crude protein determination. Fat content was
determined by the Röse-Gottlieb method (IDF, 1996). Moisture
and total solids were determined by drying each yogurt sample
for 5 h in an oven at 105◦C (American Dairy Products Institute,
1990). Ash content was determined by drying at 550◦C according
to Horwitz (2000). Sugar content was calculated by difference
[total solids - (total protein+ fat+ ash)] as described by Guzman-
Gonzalez et al. (1999). All measurements were performed in
triplicate.
Statistical Analysis
The Student t-test was used to examine differences between
groups. Significance was set at p< 0.001.
RESULTS
Fish Screening
The strain isolated after plating serial dilutions of fish intestinal
content was screened for GABA production in liquid LM17 broth
supplemented with MSG. The strain produced over 50 µg/ml of
GABA.
This GABA-producing strain was then identified using
molecular techniques based on the sequencing of the 16S rRNA
gene previously amplified with PCR primers pA (AGAGTTT
GATCCTGGCTCAG) and pH’ (AAGGAGGTGATCCAGCC
GCA) (Edwards et al., 1989). Sequencing of the resulting
1.5 kb DNA fragment and comparison with the public databases
revealed a 99% identity to S. thermophilus strains. Hence, this
strain was named S. thermophilus APC151 and selected for
further studies.
GABA-Production in Culture Media and
Milk
In order to determine maximum rate of GABA production,
S. thermophilus APC151 was incubated for 72 h in LM17 broth
supplemented with 10 mg/ml MSG. The final concentration
measured in the supernatant was 2.1± 0.2 mg GABA/ml culture.
To test the ability of S. thermophilus APC151 to synthesize
GABA during milk fermentation, the strain was cultivated
in skim milk supplemented with 10 mg/ml MSG. Following
72 h incubation, a similar maximum concentration of GABA
(2.2 ± 0.2 mg/ml coagulated milk) was reached, thereby
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indicating that the switch from culture media to milk does not
alter GABA biosynthesis by S. thermophilus APC151. In order to
prevent accumulation of high levels of remaining MSG in yogurt,
a second test was performed in milk fermentations supplemented
with the minimum required concentration of MSG (2.25 mg/ml).
Maximum GABA accumulation (2.10 ± 0.16 mg/ml coagulated
milk) was in the same range indicating that 2.25 mg/ml was
the minimum concentration required to reach the maximum
GABA level in milk. Therefore, this concentration was selected
for subsequent yogurt trials.
Under similar conditions of study, strains S. thermophilus CH1
and Lb. bulgaricus CH1 isolated from the commercial yogurt
starter did not produce GABA.
Growth Dynamics of S. thermophilus
Strains during Yogurt Fermentation
The performance of the GABA-producer S. thermophilus
APC151 strain during milk fermentation was investigated during
fermentation of two different yogurts, the GABA yogurt (made
with strains S. thermophilus APC151 and Lb. bulgaricus CH1)
and the control yogurt (made with strains S. thermophilus CH1
and Lb. bulgaricus CH1). Species-specific bacterial counts were
monitored over 3 weeks (which included yogurt fermentation
and storage).
In both yogurt fermentations (GABA-enriched and control),
Lb. bulgaricus CH1 viable cell counts were identical, reaching 7.8
log unit after 6 h of fermentation and these numbers remained
constant until the end of the 1st week of storage. After this point
viable counts started to decrease to 5 log units by the end of the
3rd week.
The colony counts of both S. thermophilus strains increased
exponentially during the initial hours of fermentation to reach
a maximum of 9 log units (Figure 1A). This maximum
was reached in 4 h of fermentation by the APC151 strain
(µmax = 0.16 ± 0.01) and in 6 h of fermentation by the control
CH1 strain (µmax = 0.13 ± 0.01). Following the first 24 h,
the viability of the S. thermophilus strains started to decrease.
Noticeably, although this effect was observed in both strains
(APC151 and CH1), the reduction was more severe in the
industrially used CH1 strain (4.5 log units after 48 h and <1 log
units after day 7) than in the APC151 strain (7.5 log units after
48 h and 6.3 log units after day 7).
Interestingly, the performance of the two starters was
different in the two yogurts. In CH1 yogurt the S. thermophilus
outnumbered Lb. bulgaricus (9 versus 7.8 log units) over the first
24 h but this was reversed after the 2nd day. In contrast, the
S. thermophilus APC151 strain was the dominant species in the
GABA-enriched yogurt during the fermentation and storage and
remained viable (6.7 log units) after 3 weeks of storage at 4◦C.
Acidifying Kinetics of S. thermophilus
Strains during Milk Fermentation
The rate of milk acidification by S. thermophilus is a technological
trait of major importance for yogurt manufacture. Hence, the
pH curves of the control and GABA yogurts were recorded
during the fermentation process (2 days) and the initial 2 days
of storage. Interestingly, the acidification curves monitored in
both yogurts were very similar (Figure 1B). Although initial
pH decrease was slightly faster in the control yogurt, both
yogurts reached a pH value below 5.0 after 5 h, and by 8 h of
fermentation the pH was 4.4; thereby defining an acidification
rate (1pH/1t) of 0.33 ± 0.02 h−1 for the control CH1 yogurt
and 0.31 ± 0.02 h−1 for the GABA-enriched yogurt. The yogurt
pH at the end of the fermentation (48 h) was 3.8 and after
this time this value remained stable during storage at 4◦C for
3 weeks.
Since both S. thermophilus strains were able to ferment
milk individually (without co-culturing with Lb. bulgaricus), we
also characterized the pH curve of each strain in milk. Again,
pH curves were analogous for both strains CH1 and APC151
(Figure 1B). Compared to the co-culture with Lb. bulgaricus, the
pH decrease was less intensive, since pH 5.0 was reached after 6 h,
and by 8 h pH was 4.8 (1pH/1t = 0.22 ± 0.02 h−1). The milk
pH at the end of the fermentation (48 h) was 4.28 and after this
time this value remained stable during storage at 4◦C.
GABA Production during Yogurt
Fermentation
The presence of GABA in the control and GABA yogurts was
tested at different timepoints during yogurt fermentation and
storage (1, 1.5, 2, 3, 4, 5, 7, 14, and 21 days) (Figure 1C). There was
no production of GABA detected in the control yogurt. However,
in the GABA yogurt, accumulation of GABA started after the 1st
day and reached the maximum concentration (2.2 mg/ml) by the
end of the fermentation process (2 days). After this time, GABA
concentration remained constant until the end of the storage
period (3 weeks) at 4◦C.
Viscosity of the GABA Yogurt
The acidification that occurs during milk fermentation results in
milk coagulation due to destabilization of the micellar casein.
Thus, yogurt viscosity is an indication of gelation (Nouri
et al., 2011). The evolution of the viscosity was evaluated
in the GABA-containing and the control yogurts during the
initial 24 h of the fermentation. In both yogurts, the viscosity
started to increase gradually after 5 h of fermentation, just
when the pH decreased below 5.0, and a complete coagulation
occurred 2 h later, when the pH was 4.5 (Figure 2A). After
the 1st week of storage, the viscosity of the GABA yogurt
(0.34 ± 0.04 Pa-s) was significantly higher (p-value < 0.005)
than that of the control yogurt (0.23 ± 0.05 Pa-s) (Figure 2B).
After this time, viscosity of the control and GABA yogurts
increased gradually during storage for 2 (0.38 ± 0.04 and
0.40 ± 0.03 Pa-s, respectively) and 3 (0.49 ± 0.04 and
0.49 ± 0.01 Pa-s, respectively) weeks. Thus, at the end of the
storage period, the viscosity of both yogurts was not significantly
different.
Syneresis of the GABA Yogurt
Syneresis is known to have an important impact on quality and
acceptability of some fresh fermented products such as yogurt.
The water holding capacity (WHC) of the GABA-containing
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FIGURE 1 | Evolution of bacterial growth, pH and GABA accumulation in yogurt. (A) Growth of S. thermophilus (circles) and Lb. bulgaricus (squares) cell
count (cfu/ml) during fermentation and storage of the control (empty symbols) and GABA-enriched (filled symbols) yogurts. In the Y-axis the 0 value means
<10 cfu/ml (the detection limit). (B) Acidification curve of S. thermophilus APC151 (circles) and CH1 (squares) during milk fermentation in pure monoculture (empty
symbols) or co-cultures with Lb. bulgaricus CH1 (filled symbols). (C) Evolution of GABA accumulation in the GABA-enriched (white bars) and control (black bars)
yogurts over fermentation and storage time. Transition between fermentation and storage is indicated by the arrow [h, hours; d, days; w, weeks]. The representation
of time on X-axis is not to scale.
and the control yogurts was evaluated once a week during the
storage period. The WHC values obtained were 76.02 ± 1.05
and 82.71 ± 1.8% for the control and GABA-containing yogurts,
respectively (Figure 3). Hence, the latter has a slightly but
significantly lower (p-value < 0.005) susceptibility to syneresis
when compared to the control yogurt. After the 1st week, the
WHC of the GABA yogurt decreased gradually, whereas that of
the control yogurt held steady, thereby the WHC of both yogurts
was similar after the 2nd week of storage.
Chemical Composition
The GABA yogurt was evaluated for chemical properties using
the existing commercial CH1 yogurt as control. The results
(data not shown) demonstrate that the chemical composition
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FIGURE 2 | (A) Change in viscosity (solid line) and pH curve (dotted line) over milk fermentation during 24 h [Empty circles: control yogurt; Filled circles:
GABA-enriched yogurt]. (B) Evolution of viscosity over storage time for 1, 2, and 3 weeks [GABA-enriched (filled bars) and control (empty bars)]. ∗p-value < 0.001.
FIGURE 3 | Measurement of water holding capacity of GABA-enriched
(filled bars) and control (empty bars) yogurts after storage for 1, 2, and
3 weeks. ∗p-value < 0.001.
of the GABA-containing and reference yogurts was comparable
[moisture (87–88%), protein (5.05–5.65%), fat (0.12–0.15%),
sugar (4.8–5.8%), and ash content (0.74–1.2%)].
Yogurt composition did not vary over the storage period of
3 weeks. Thus, there was no significant difference in the chemical
composition of the GABA-enriched and control yogurts.
DISCUSSION
In this work, we isolated and identified a S. thermophilus
strain able to produce GABA during milk fermentation and
demonstrated its performance and suitability to be used as
a starter strain for yogurt manufacture. Prior to storage, the
fermentation was carried out for 48 h, the minimum time
required to reach maximum GABA production levels. Despite
the prolonged fermentation time, no adverse characteristics in the
yogurt were observed; viscosity and consistency increased and no
whey syneresis was observed. Regarding acidity, the final pH (4.3)
was in the range expected for yogurt (typically between 4 and 5)
(Lund et al., 2000).
The use of the S. thermophilus APC151 as a starter GABA
producer strain developed in this work would yield a yogurt
containing 2 mg/ml GABA. The ingestion of one unit of this
yogurt (100 g) would provide the consumer with 200 mg of
GABA. This concentration is above the bioactivity threshold
previously reported to result in blood-pressure-lowering and
antidiabetic effects on the consumer (Inoue et al., 2003; Pouliot-
Mathieu et al., 2013; Wan et al., 2015). Daily ingestion of 100 ml
of the GABA yogurt obtained in this study would supply a total
of 200 mg GABA, a dose equivalent to the GABA content of
a tablet (the daily recommended serving) of PharmaGABATM,
which is documented to have health benefits (Food and Drug
Administration [FDA], 2008).
Other fermented products enriched in GABA using GABA-
producing LAB as starters have been developed. These include
black raspberry juice (using Lb. brevis as source of GABA) (Kim
et al., 2009), kimchi (using Lactobacillus sp. as source of GABA)
(Seok et al., 2008), sourdough (Lb. plantarum and L. lactis as
source of GABA) (Rizzello et al., 2008), fermented soya milk
(Lb. brevis as source of GABA) (Park and Oh, 2007), and cheese
(L. lactis as source of GABA) (Nomura et al., 1998; Pouliot-
Mathieu et al., 2013). The development of GABA-containing
‘so-called’ yogurt has also been pursued using Lb. plantarum as
biological source of GABA (Shan et al., 2015). However, this
product cannot be called yogurt anymore in most countries
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due to legal issues (defined on a national law). The species
typically associated with the technological production of the
yogurt are S. thermophilus and L. delbrueckii subsp. bulgaricus
(Han et al., 2014). Recently, a S. thermophilus strain was utilized
to ferment and enrich milk in GABA (Chen et al., 2016).
However, the biotechnological attributes of this strain for yogurt
production were not studied and the fermentation was not
tested in co-culture with L. bulgaricus, as usually occurs in
yogurt manufacture. In this work, we isolated a S. thermophilus
strain technologically suitable for the production of a yogurt
containing 200 mg of GABA per serving without affecting its
microbiological, physical, and chemical properties. In this regard,
strain APC151 showed a milk acidity curve comparable to that
of a strain used as commercial starter for yogurt manufacture.
S. thermophilus strains in monoculture decreased milk pH to
4.2. A lower value (3.75) was reached when co-cultured with
the Lb. bulgaricus strain. This additional pH decrease is caused
by the Lb. bulgaricus strain, which is less susceptible to acid,
thereby gradually dominates the overall fermentation (Lourens-
Hattingh and Viljoen, 2001; Sfakianakis and Tzia, 2014), as we
observed in the control yogurt. However, in the GABA yogurt the
S. thermophilus strain remained viable throughout yogurt shelf
life, which could be due to a higher acid tolerance attributable
to its capability to decarboxylate glutamate and produce GABA
and ammonia. This fact could provide the strain an advantage to
survive the low pH conditions of the intestine. This ability is one
of the basic requirements for a microbe to produce GABA in the
intestine (Bravo et al., 2011).
During the 1st week of storage, the yogurt produced by the
GABA-producer strain had a higher viscosity thereby suggesting
a higher yogurt body, thickness, firmness, and consistency. This
could be due to the fact that the CH1 thermophilic starter culture
is intended to produce yogurt with strong flavor and low viscosity
(CH-1 Yo-Flex R© Specifications, Christian Hansen, Denmark).
Nevertheless, after this time viscosity of both yogurts was not
significantly different. A slight decrease of the WHC over the
storage period was observed in the two yogurts, which may be
correlated with higher syneresis. Long storage periods can cause
alteration of the yogurt microstructure, which ultimately leads
to syneresis (Mao et al., 2001; Aryana et al., 2006; Nguyen et al.,
2015).
In conclusion, S. thermophilus APC151 strain can ferment
milk and yield yogurt with equivalent microbial, rheological
and chemical properties to those observed in yogurt obtained
with a S. thermophilus strain typically used in industry. The
antibiotic resistance pattern of this strain was profiled and
atypical resistances were not found (data not shown). The
S. thermophilus strain proposed here provides GABA enrichment
in the yogurt, offering the possibility of production of new
naturally fermented GABA fortified yogurt with an added
value.
AUTHOR CONTRIBUTIONS
DML provided the general concept, designed and performed
the work, analyzed and interpreted the results and drafted the
manuscript. TOC and POC performed some experiments and
revised the manuscript. CS and RPR contributed to the discussion
of the research and revised and approved the manuscript.
FUNDING
This work was funded by the APC Microbiome Institute, a
Centre for Science and Technology (CSET) funded by the Science
Foundation Ireland (SFI), through the Irish Government’s
National Development Plan.
ACKNOWLEDGMENT
We are grateful to Christian Hansen for kindly providing the
commercial yogurt starter.
REFERENCES
Adeghate, E., and Ponery, A. S. (2002). GABA in the endocrine pancreas: cellular
localization and function in normal and diabetic rats. Tissue Cell 34, 1–6. doi:
10.1054/tice.2002.0217
American Dairy Products Institute (1990). Standards for grades of dry milks.
Bulletin 916. Determination of moisture vacuum oven method. Chicago, IL:
American Dairy Products Institute.
Aryana, K. J., Barnes, H. T., Emmick, T. K., McGrew, P., and Moser, B. (2006).
Lutein is stable in strawberry yogurt and does not affect its characteristics.
J. Food Sci. 71, S467–S472. doi: 10.1111/j.1750-3841.2006.00080.x
Barrett, E., Ross, R. P., O’Toole, P. W., Fitzgerald, G. F., and Stanton, C.
(2012). γ-Aminobutyric acid production by culturable bacteria from the
human intestine. J. Appl. Microbiol. 113, 411–417. doi: 10.1111/j.1365-2672.
2012.05344.x
Beniwal, R. S., Arena, V. C., Thomas, L., Narla, S., Imperiale, T. F., Chaudhry,
R. A., et al. (2003). A randomized trial of yoghurt for prevention of
antibiotic-associated diarrhoea. Dig. Dis. Sci. 48, 2077–2082. doi: 10.1023/
A:1021711204498
Bravo, J. A., Forsythe, P., Chew, M. V., Escaravage, E., Savignac, H. M., Dinan,
T. G., et al. (2011). Ingestion of Lactobacillus strain regulates emotional
behavior and central GABA receptor expression in a mouse via the vagus
nerve. Proc. Natl. Acad. Sci. U.S.A. 108, 16050–16055. doi: 10.1073/pnas.1102
999108
Chen, L., Zhao, H., Zhang, C., Lu, Y., Zhu, X., and Lu, Z. (2016). γ-Aminobutyric
acid-rich yogurt fermented by Streptococcus salivarius subsp. thermophiles
fmb5 appears to have anti-diabetic effect on streptozotocin-induced diabetic
mice. J. Funct. Foods 20, 267–275. doi: 10.1016/j.jff.2015.10.030
Dhakal, R., Bajpai, V. K., and Baek, K. H. (2012). Production of gaba
(γ-Aminobutyric acid) by microorganisms: a review. Braz. J. Microbiol. 43,
1230–1241. doi: 10.1590/S1517-83822012000400001
Edwards, U., Rogall, T., Blocker, H., Emde, M., and Bottger, E. C. (1989). Isolation
and direct complete nucleotide determination of entire genes. Characterization
of a gene coding for 16S ribosomal RNA. Nucleic Acids Res. 17, 7843–7853.
doi: 10.1093/nar/17.19.7843
Fioramonti, J., Theodorou, V., and Bueno, L. (2003). Probiotics: What are they?
What are their effects on gut physiology? Best Pract. Res. Clin. Gastroenterol. 17,
711–724. doi: 10.1016/S1521-6918(03)00075-1
Food and Drug Administration [FDA] (2008). Gamma-Aminobutyric
Acid GRAS Notice. Availabe at: http://www.fda.gov/downloads/Food/
IngredientsPackagingLabeling/GRAS/NoticeInventory/UCM264254 [Accessed
September 26, 2015]
Frontiers in Microbiology | www.frontiersin.org 7 November 2016 | Volume 7 | Article 1876
fmicb-07-01876 November 22, 2016 Time: 16:21 # 8
Linares et al. Bioactive Yogurt Enriched in GABA by Streptococcus thermophilus
Foster, A. C., and Kemp, J. A. (2006). Glutamate- and GABA-based CNS
therapeutics. Curr. Opin. Pharmacol. 6, 7–17. doi: 10.1016/j.coph.2005.11.005
Guzman-Gonzalez, M., Morais, F., Ramos, M., and Amigo, L. (1999). Influence of
skimmed milk concentrate replacement by dry dairy products in a low fat set-
type yoghurt model system. I: use of whey protein concentrates, milk protein
concentrates and skimmed milk powder. J. Sci. Food Agric. 79, 1117–1122.
doi: 10.1002/(SICI)1097-0010(199906)79:8<1117::AID-JSFA335>3.0.CO;2-F
Han, X., Zhang, L., Yu, P., Yi, H., and Zhang, Y. C. (2014). Potential of LAB
starter culture isolated from Chinese traditional fermented foods for yoghurt
production. Int. Dairy J. 34, 247–251. doi: 10.1016/j.idairyj.2013.09.007
Hayakawa, K., Kimura, M., Kasaha, K., Matsumoto, K., Sansawa, H., and Yamori, Y.
(2004). Effect of a gamma-aminobutyric acid-enriched dairy product on the
blood pressure of spontaneously hypertensive and normotensive Wistar-Kyoto
rats. Br. J. Nutr. 92, 411–417. doi: 10.1079/BJN20041221
Hong, Y. F., Lee, Y. D., Park, J. Y., Jeon, B., Jagdish, D., Jang, S., et al. (2015).
Immune regulatory effect of newly isolated Lactobacillus delbrueckii from
Indian traditional yogurt. J. Microbiol. Biotechnol. 25, 1321–1323. doi: 10.4014/
jmb.1501.01057
Horwitz, W. (2000). Official Methods of Analysis of Association of Official Analytical
Chemist (AOAC) International. Gaithersburg, MD: AOAC International.
IDF (1996). IDF-FIL. International Standard 1D. Determination of fat content-
gravimetric method (Rose-Gottlieb Reference Method). Brussels: International
Dairy Federation.
Inoue, K., Shirai, T., Ochiai, H., Kasao, M., Hayakawa, K., Kimura, M., et al.
(2003). Blood-pressure-lowering effect of a novel fermented milk containing
g-aminobutyric acid (GABA) in mild hypertensives. Eur. J. Clin. Nutr. 57,
490–495. doi: 10.1038/sj.ejcn.1601555
ISO (2001). ISO 8968-1:2001, Milk – Determination of Nitrogen Content – Part 1:
Kjeldahl Method. Geneva: International Organization for Standardization,
Kim, J. Y., Lee, M. Y., Ji, G. E., Lee, Y. S., and Hwang, K. T. (2009). Production
of γ-aminobutyric acid in black raspberry juice during fermentation by
Lactobacillus brevis GABA100. Int. J. Food Microbiol. 130, 12–16. doi: 10.1016/
j.ijfoodmicro.2008.12.028
Li, H., and Cao, Y. (2010). Lactic acid bacterial cell factories for gamma-
aminobutyric acid. Amino Acids 39, 1107–1116. doi: 10.1007/s00726-010-
0582-7
Linares, D. M., Ross, P., and Stanton, C. (2016). Beneficial microbes: the pharmacy
in the gut. Bioengineered 7, 11–20. doi: 10.1080/21655979.2015.1126015
Lorea Baroja, M., Kirjavainen, P. V., Hekmat, S., and Reid, G. (2007). Anti-
inflammatory effects of probiotic yoghurt in inflammatory bowel disease
patients. Clin. Exp. Immunol. 149, 470–479. doi: 10.1111/j.1365-2249.
2007.03434.x
Lourens-Hattingh, A., and Viljoen, B. C. (2001). Yogurt as probiotic carrier food.
Int. Dairy J. 11, 1–17. doi: 10.1016/S0958-6946(01)00036-X
Lund, B., Baird-Parker, A. C., and Gould, G. W. (2000). Microbiological Safety and
Quality of Food, Chap. 23. Berlin: Springer Science & Business Media.
Maldonado-Galdeano, C., Novotny-Nuñez, I., Carmuega, E., Moreno-LeBlanc, A.,
and Perdigón, G. (2015). Role of probiotics and functional foods in health:
gut immune stimulation by two probiotic strains and a potential probiotic
yoghurt. Endocr. Metab. Immune Disord. Drug Targets 15, 37–45. doi: 10.2174/
1871530314666141216121349
Mao, R., Tang, J., and Swanson, B. G. (2001). Water holding capacity and
microstructure of gellan gels. Carbohydr. Polym. 46, 365–371. doi: 10.1016/
S0144-8617(00)00337-4
Mounier, J., Rea, M. C., O’Connor, P. M., Fitzgerald, G. F., and Cogan, T. M. (2007).
Growth characteristics of Brevibacterium, Corynebacterium, Microbacterium,
and Staphylococcus spp. isolated from surface-ripened cheese. Appl. Environ.
Microbiol. 73, 7732–7739. doi: 10.1128/AEM.01260-07
Nguyen, H. T., Onga, L., Kentisha, S. E., and Gras, S. L. (2015). Homogenisation
improves the microstructure, syneresis and rheological properties of buffalo
yoghurt. Int. Dairy J. 46, 78–87. doi: 10.1016/j.idairyj.2014.08.003
Nomura, M., Kimoto, H., Someya, Y., Furukawa, S., and Suzuki, I. (1998).
Production of gamma-aminobutyric acid by cheese starters during cheese
ripening. J. Dairy Sci. 81, 1486–1491. doi: 10.3168/jds.S0022-0302(98)75714-5
Nouri, M., Ezzatpanah, H., and Abbasi, S. (2011). Application of renneted skim
milk as a fat mimetics in nonfat yoghurt. Food Nutr. Sci. 2, 541–548. doi:
10.4236/fns.2011.26077
Park, K. B., Ji, G. E., Park, M. S., and Oh, S. H. (2005). Expression of rice glutamate
decarboxylase in Bifidobacterium longum enhances gamma-aminobutyric
acid production. Biotechnol. Lett. 27, 1681–1684. doi: 10.1007/s10529-005-
2730-9
Park, K. B., and Oh, S. H. (2007). Production of yoghurt with enhanced levels of
gamma-aminobutyric acid and valuable nutrients using lactic acid bacteria and
germinated soybean extract. Bioresour. Technol. 98, 1675–1679. doi: 10.1016/j.
biortech.2006.06.006
Pouliot-Mathieu, K., Gardner-Fortier, C., Lemieux, S., St-Gelais, D., Champagne,
C. P., and Vuillemard, J. C. (2013). Effect of cheese containing gamma-
aminobutyric acid-producing lactic acid bacteria on blood pressure
in men. PharmaNutrition 1, 141–148. doi: 10.1016/j.phanu.2013.
06.003
Rizzello, C. G., Cassone, A., Cagno, R. D., and Gobbetti, M. (2008).
Synthesis of Angiotensin I-Converting Enzyme (ACE)-Inhibitory peptides
and γ-aminobutyric acid (GABA) during sourdough fermentation by selected
lactic acid bacteria. J. Agric. Food Chem. 56, 6936–6943. doi: 10.1021/jf80
0512u
Rul, F., Ben-Yahia, L., Chegdani, F., Wrzosek, L., Thomas, S., Noordine, M. L.,
et al. (2011). Impact of the metabolic activity of Streptococcus thermophilus
on the colon epithelium of gnotobiotic rats. J. Biol. Chem. 286, 10288–10296.
doi: 10.1074/jbc.M110.168666
Savaiano, D. (2014). Lactose digestion from yogurt: mechanism and
relevance. Am. J. Clin. Nutr. 99, 1251S–1255S. doi: 10.3945/ajcn.113.
073023
Seidl, R., Cairns, N., Singewald, N., Kaehler, S. T., and Lubec, G. (2001). Differences
between GABA levels in Alzheimer’s disease and Down syndrome with
Alzheimer-like neuropathology. Naunyn Schmiedebergs Arch. Pharmacol. 363,
139–145. doi: 10.1007/s002100000346
Seok, J. H., Park, K. B., Kim, Y. H., Bae, M. O., Lee, M. K., and
Oh, S. H. (2008). Production and characterization of kimchi with
enhanced levels of gamma-aminobutyric acid. Food Sci. Biotechnol. 17,
940–946.
Sfakianakis, P., and Tzia, C. (2014). Conventional and innovative processing of
milk for yogurt manufacture; development of texture and flavor: a review. Foods
3, 176–193. doi: 10.3390/foods3010176
Shadnoush, M., Shaker Hosseini, R., Mehrabi, Y., Delpisheh, A., Alipoor, E.,
Faghfoori, Z., et al. (2013). Probiotic yoghurt affects pro- and anti-inflammatory
factors in patients with inflammatory bowel disease. Iran. J. Pharm. Res. 12,
929–936.
Shan, Y., Man, C. X., Han, X., Li, L., Guo, Y., Deng, Y., et al. (2015).
Evaluation of improved GABA production in yoghurt using Lactobacillus
plantarum NDC75017. J. Dairy Sci. 98, 2138–2149. doi: 10.3168/jds.
2014-8698
Shimada, M., Hasegawa, T., Nishimura, C., Kan, H., Kanno, T., Nakamura, T.,
et al. (2009). Anti-hypertensive effect of gamma-aminobutyric acid (GABA)-
rich Chlorella on high-normal blood pressure and borderline hypertension
in placebo-controlled double blind study. Clin. Exp. Hypertens. 31, 342–354.
doi: 10.1080/10641960902977908
Sodini, I., Montella, J., and Tong, P. S. (2005). Physical properties of yoghurt
fortified with various commercial whey protein concentrates. J. Sci. Food Agric.
85, 853–859. doi: 10.1002/jsfa.2037
Sun, Z., Chen, X., Wang, J., Zhao, W., Shao, Y., Wu, L., et al. (2011). Complete
genome sequence of Streptococcus thermophilus strain ND03. J. Bacteriol. 193,
793–794. doi: 10.1128/JB.01374-10
Tajabadi, N., Baradaran, A., Ebrahimpour, A., Rahim, R. A., Bakar, F. A.,
Manap, M. Y., et al. (2015). Overexpression and optimization of glutamate
decarboxylase in Lactobacillus plantarum Taj-Apis362 for high gamma-
aminobutyric acid production. Microb. Biotechnol. 8, 623–632. doi: 10.1111/
1751-7915.12254
Wan, Y., Wang, Q., and Prud’homme, G. J. (2015). GABAergic system in the
endocrine pancreas: a new target for diabetes treatment. Diabetes Metab. Syndr.
Obes. 8, 79–87. doi: 10.2147/DMSO.S50642
Wu, Q., Law, Y. S., and Shah, N. P. (2015). Dairy Streptococcus thermophilus
improves cell viability of Lactobacillus brevis NPS-QW-145 and its
γ-aminobutyric acid biosynthesis ability in milk. Sci. Rep. 5:12885.
doi: 10.1038/srep12885
Frontiers in Microbiology | www.frontiersin.org 8 November 2016 | Volume 7 | Article 1876
fmicb-07-01876 November 22, 2016 Time: 16:21 # 9
Linares et al. Bioactive Yogurt Enriched in GABA by Streptococcus thermophilus
Wu, Q., and Shah, N. P. (2016). High γ-aminobutyric acid production from lactic
acid bacteria: emphasis on Lactobacillus brevis as a functional dairy starter.
Crit. Rev. Food. Sci. Nutr. doi: 10.1080/10408398.2016.1147418 [Epub ahead of
print].
Wu, Q., Tun, H. M., Leung, F. C., and Shah, N. P. (2014). Genomic insights
into high exopolysaccharide-producing dairy starter bacterium Streptococcus
thermophilus ASCC 1275. Sci. Rep. 4:4974. doi: 10.1038/srep04974
Yang, S. Y., Lü, F. X., Lu, Z. X., Bie, X. M., Jiao, Y., Sun, L. J., et al. (2008).
Production of gamma-aminobutyric acid by Streptococcus salivarius subsp.
thermophilus Y2 under submerged fermentation. Amino Acids 34, 473–478.
doi: 10.1007/s00726-007-0544-x
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Linares, O’Callaghan, O’Connor, Ross and Stanton. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.
Frontiers in Microbiology | www.frontiersin.org 9 November 2016 | Volume 7 | Article 1876
